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Modulation of Chicken Intestinal Immune Gene Expression by Small
Cationic Peptides as Feed Additives during the First Week Posthatch

Michael H. Kogut,a Kenneth J. Genovese,a Haiqi He,a Christina L. Swaggerty,a Yiwei Jiangb

USDA-ARS, SPARC, College Station, Texas, USAa; My Galaxy LLC, Ft. Worth, Texas, USAb

We have been investigating modulation strategies tailored around the selective stimulation of the host’s immune system as an
alternative to direct targeting of microbial pathogens by antibiotics. One such approach is the use of a group of small cationic
peptides (BT) produced by a Gram-positive soil bacterium, Brevibacillus texasporus. These peptides have immune modulatory
properties that enhance both leukocyte functional efficiency and leukocyte proinflammatory cytokine and chemokine mRNA
transcription activities in vitro. In addition, when provided as a feed additive for just 4 days posthatch, BT peptides significantly
induce a concentration-dependent protection against cecal and extraintestinal colonization by Salmonella enterica serovar En-
teritidis. In the present studies, we assessed the effects of feeding BT peptides on transcriptional changes on proinflammatory
cytokines, inflammatory chemokines, and Toll-like receptors (TLR) in the ceca of broiler chickens with and without S. Enteriti-
dis infection. After feeding a BT peptide-supplemented diet for the first 4 days posthatch, chickens were then challenged with S.
Enteritidis, and intestinal gene expression was measured at 1 or 7 days postinfection (p.i.) (5 or 11 days of age). Intestinal expres-
sion of innate immune mRNA transcripts was analyzed by quantitative real-time PCR (qRT-PCR). Analysis of relative mRNA
expression showed that a BT peptide-supplemented diet did not directly induce the transcription of proinflammatory cytokine,
inflammatory chemokine, type I/II interferon (IFN), or TLR mRNA in chicken cecum. However, feeding the BT peptide-supple-
mented diet primed cecal tissue for increased (P < 0.05) transcription of TLR4, TLR15, and TLR21 upon infection with S. Enteri-
tidis on days 1 and 7 p.i. Likewise, feeding the BT peptides primed the cecal tissue for increased transcription of proinflamma-
tory cytokines (interleukin 1� [IL-1�], IL-6, IL-18, type I and II IFNs) and inflammatory chemokine (CxCLi2) in response to S.
Enteritidis infection 1 and 7 days p.i. compared to the chickens fed the basal diet. These small cationic peptides may prove useful
as alternatives to antibiotics as local immune modulators in neonatal poultry by providing prophylactic protection against Sal-
monella infections.

Research efforts in our laboratory have focused on developing
immunoprophylactic strategies (1–4) and selective genetics

(5) that prevent or control intestinal Salmonella enterica organ
and intestinal colonization in poultry. Specifically, our research
has concentrated on upregulating the innate immune response in
chickens during the immunologically inefficient first week post-
hatch (6).

Recently, a novel Gram-positive bacterium, Brevibacillus tex-
asporus (ATCC PTA-5854), was isolated from the soil and found
to produce BT, a group of structurally related cationic peptides
(7). BT peptides were found to be highly efficacious against a
natural outbreak of colibacillosis in broiler chickens based on im-
proved performance and reduced mortality in comparison with
unmedicated birds at a level (12 ppm) that was below the MIC for
Escherichia coli (8). In vitro, BT displays efficient bactericidal ac-
tivity against Gram-positive bacteria (MIC of 1 ppm) but a re-
duced efficacy against Gram-negative bacteria (MIC of �20
ppm). Interestingly, orally delivered BT seems to completely lack
direct antibacterial activities (12 ppm) (8). In addition, chickens
given BT as a feed additive for the first 4 days posthatch provided
protection against both cecal colonization and extraintestinal Sal-
monella enterica serovar Enteritidis infections in a concentration-
dependent manner and induced the upregulation of peripheral
blood heterophil (the avian equivalent to the mammalian neutro-
phil) and monocyte functional activities (4, 9).

The exact mechanisms of interaction between BT peptides and
the cecum in chickens have not been determined. Therefore, the
objective of the present experiments was to assess the effects of

feeding BT peptides for the first 4 days posthatch on transcrip-
tional changes on proinflammatory cytokines, inflammatory
chemokines, and Toll-like receptors (TLR) in the ceca of broiler
chickens with or without infection with S. Enteritidis.

MATERIALS AND METHODS
Experimental animals. Experiments were conducted according to the
regulations established by the U.S. Department of Agriculture Animal
Care and Use Committee. Broiler chickens used in this study were ob-
tained from a commercial breeder and were all of the same genetic back-
ground. Chicks were placed in floor pens containing wood shavings, pro-
vided supplemental heat, water, and a balanced, unmedicated corn and
soybean meal-based chick starter diet ad libitum that met or exceeded the
levels of critical nutrients recommended by the National Research Coun-
cil (10). Salmonella was not detected in the feed or from the paper tray
liners.

Partial purification of BT. B. texasporus E58 cells were grown in 1 liter
of lysogeny broth (LB) in an air shaker at 37°C for 3 days. The culture was
spun in a clinical centrifuge at 3,000 � g for 15 min. The supernatant was
collected, and 500 g of ammonium sulfate was added and dissolved. The
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sample was spun in the clinical centrifuge at 3,000 � g for 15 min. The
pellet was dissolved in 200 ml of distilled water. The solution was then
boiled for 15 min and cooled on ice. The sample was filtered with a 0.2-
mm-pore-size filter (Nalgene Inc., Rochester, NY). The filtrate was mixed
with 0.2 liters of chloroform at room temperature for 20 min with a stir
bar. The mixture was separated into two phases by centrifugation in the
clinical centrifuge at 3,000 � g for 15 min. The organic phase was collected
and dried in a vacuum evaporator as described previously (7).

Premix preparation. The dried material was dissolved in ethanol, and
the BT concentration was analyzed for anti-Staphylococcus aureus activity
by standard microdilution methods as described previously (MIC � 0.8
�g/ml) (7). The solution was sprayed onto cornmeal and then dried. The
resulting material was used as a premix for the chicken studies.

S. Enteritidis challenge. An isolate of S. Enteritidis was obtained from
NVSL (Ames, IA) (ID 9711771, part 24). The isolate was selected for
resistance to novobiocin and carbenicillin (NO-CN) and was maintained
in tryptic soy broth or tryptic soy agar at 40°C. Brilliant green agar (BGA),
a selective culture medium for Salmonella, was used to culture the resis-
tant isolate in experimental studies and contained 100 mg/ml CN and 25
mg/ml NO to inhibit growth of other bacteria (BGA–NO-CN). Inoculum
for challenge was prepared from 18- to 24-h-grown tryptic soy broth, and
NO-CN cultures were maintained at 39°C and diluted in sterile phos-
phate-buffered saline (PBS) (pH 7.2). A stock solution (1 � 109 CFU/ml)
was prepared, and bacterial concentration was determined spectrophoto-
metrically using a standard curve at a reference wavelength of 625 nm.

Experimental challenge design. One-day-old broiler chickens were
randomly distributed into four experimental groups (group 1, control
diet, uninfected; group 2, control diet, infected with S. Enteritidis; group
3, BT-supplemented diet, uninfected; group 4, BT-supplemented diet,
infected with S. Enteritidis). Each group contained 30 birds fed a bal-
anced, unmedicated corn and soybean meal-based diet that contained
either 0 (control) or 24 ppm BT for 4 days. On the fifth day after hatch, all
BT feed was removed and replaced with control diet feed for the remain-
der of the experiment. In addition, on the fourth day after hatch, all chick-
ens were orally challenged with either 5 � 106 CFU/ml S. Enteritidis or
mock challenged with sterile PBS. One and 7 days after challenge (5 and 11
days after hatch), 15 chickens from each group were killed by cervical
dislocation, cecal contents were analyzed for S. Enteritidis colonization,
and cecal tonsils were collected for quantitative real-time PCR (qRT-
PCR). All experiments were conducted three times. Therefore, the ceca
from a total of 45 chickens for each of the 4 groups (15 chickens each in 3
experiments) were used to prepare the mRNA for the qRT-PCR assays
described below. RNA from each bird (n � 45) was isolated and assayed
separately and not pooled. Each RNA sample was replicated 3 times per
immune gene per experiment).

Sample collection for bacterial counts. The ceca from each chicken
was removed aseptically, and the contents (0.25 g) were serially diluted to
1:100, 1:1,000, or 1:10,000 and spread onto BGA–NO-CN plates. The
plates were incubated at 37°C for 24 h, and the number of NO-CN-resis-
tant S. Enteritidis cells per gram of cecal contents was determined. The
data from each experimental group were pooled from three separate trials
for statistical analysis.

Sample collection for mRNA. Chickens from each experimental
group were euthanized at either 1 or 7 days postchallenge. A 25-mg piece
of tissue was removed from the cecal tonsils. The tissue was washed in PBS
and placed in a 2-ml microcentrifuge tube with 1 ml of RNAlater (Qiagen
Inc., Valencia, CA) and stored at �20°C until processed.

RNA isolation. Tissues were removed from RNAlater and processed
using the RNeasy minikit (Qiagen Inc.) according to the manufacturer’s
protocol, where tissues were placed in 600 ml of buffer RLT and homog-
enized using a handheld TissueRuptor (Qiagen Inc.), and total RNA was
eluted in 50 �l of DNase-free water and stored at �80°C. RNA was quan-
tified using a spectrophotometer (NanoDrop Products, Wilmington,
DE). The data from these three repeated experiments were pooled for

presentation and statistical analysis. Total RNA (300 ng) from each sam-
ple was prepared.

Quantitative real-time PCR. Primer and probe sets for the cytokines
and 28S rRNA were designed using the Primer Express software program
(PE Applied Biosystems, Foster City, CA).

Cytokine and chemokine mRNA expression was quantitated using a
well-described method. Primers and probes for cytokines, chemokines,
and 28S rRNA-specific amplification have been described (11, 12) and are
provided in Table 1. The qRT-PCR was performed using the TaqMan fast
universal PCR master mix and one-step RT-PCR master mix reagents.
Amplification and detection of specific products were performed using
the Applied Biosystems 7500 Fast real-time PCR system with the follow-
ing cycle profile: one cycle of 48°C for 30 min and 95°C for 20 s and 40
cycles of 95°C for 3 s and 60°C for 30 s. Quantification was based on the
increased fluorescence detected by the 7500 Fast sequence detection sys-
tem due to hydrolysis of the target-specific probes by the 5= nuclease
activity of the rTth DNA polymerase during PCR amplification. Normal-
ization was carried out against 28S rRNA, which was used as a housekeep-
ing gene. To correct for differences in RNA levels between samples within
the experiment, the correction factor for each sample was calculated by
dividing the mean threshold cycle (CT) value for 28S rRNA-specific prod-
uct for each sample by the overall mean CT value for the 28S rRNA-
specific product from all samples. The corrected cytokine mean was cal-
culated as follow: average of each replicate � cytokine slope/28S slope �
28S correction factor.

Statistical analysis. The mean and standard error of the mean were
calculated for 40 CT values for each of the 4 treatment groups. Differences
between group 1, group 2, group 3, and group 4 were determined by analysis
of variance. Significant differences were further separated using Duncan’s
multiple range test. Fold changes in RNA levels were calculated from mean 40
CT values by the formula 2(40 CT in groups 2, 3, or 4 � 40 CT in group 1). A P value of
�0.05 was considered statistically significant.

RESULTS
Proinflammatory cytokine mRNA expression. The effect of feed-
ing BT peptides to young chickens on the expression of proinflam-
matory cytokine mRNA expression in the cecum on day 5 post-
hatch (1 day after removal of BT peptide-supplemented feed) is
shown in Fig. 1A. S. Enteritidis infection in chickens on the con-
trol diet (SE�/BT�) induced a small but significant (P � 0.05)
upregulation of IL-1�, IL-6, and IL-15. BT-supplemented feed
(SE�/BT�) had no direct effect on proinflammatory cytokine
mRNA expression in the cecum. BT-supplemented diet appeared
to “prime” the intestine for a significant synergistic upregulation
of all proinflammatory cytokines except for IL-15 following infec-
tion with S. Enteritidis (SE�/BT�).

The effect of feeding BT peptides to young chickens on the
expression of proinflammatory cytokine mRNA expression in the
cecum on day 11 posthatch (7 days after removal of BT peptide-
supplemented feed) is shown in Fig. 1B. S. Enteritidis cecal colo-
nization for 7 days in chickens on the control diet (SE�/BT�)
stimulated a significant (P � 0.05) upregulation of IL-1�, IL-6,
and IL-18. BT-supplemented feed (SE�/BT�) had no direct effect
on proinflammatory cytokine mRNA expression in the cecum.
BT-supplemented diet maintained a priming effect in the intestine
for at least a week after removal, as evidenced by the significant
upregulation of all proinflammatory cytokines during a persistent
infection with S. Enteritidis (SE�/BT�).

Inflammatory chemokine mRNA expression. The effect of
feeding BT peptides to young chickens on inflammatory chemo-
kine mRNA expression in the cecum on days 5 or 11 posthatch (1
or 7 days after removal of BT peptide-supplemented feed, respec-
tively) is shown in Fig. 2A and B. BT-supplemented feed (SE�/
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BT�) had no direct effect on chemokine mRNA expression in the
cecum. S. Enteritidis infection in chickens on the control diet
(SE�/BT�) induced a significant (P � 0.05) upregulation of
CXCLi2 at 1 and 7 days after infection (days 5 and 11 posthatch).
However, in S. Enteritidis infection in chickens on the control diet
(SE�/BT�), no effect was observed on the expression of CXCLi1
(Fig. 2A), but there was a small but significant increase in CXCLi1
by 7 days after infection (Fig. 2B). Likewise, BT-supplemented
diet had a priming effect on the cecum, resulting in a significant
upregulation of CXCLI2 1 and 7 days after infection with S. En-
teritidis (SE�/BT�) (Fig. 2B). BT-supplemented diet had a prim-
ing effect on CXCLi1 only on day 7 postinfection (Fig. 2B).

Toll-like receptor mRNA expression. The effect of BT pep-
tides on TLR expression in cecum 5 days posthatch (1 day after
removal of BT peptide-supplemented feed) is shown in Fig. 3A. S.
Enteritidis infection in chickens on the control diet (SE�/BT�)
induced a significant upregulation in expression of TLR5 and
TLR15. BT-supplemented feed (SE�/BT�) had no significant, di-
rect effect on TLR mRNA expression in the cecum. BT-supple-
mented diet appeared to “prime” the intestine for a significant
(P � 0.05) synergistic upregulation of TLR1b, TLR2a, TLR5,

TLR15, and TLR21 following infection with S. Enteritidis (SE�/
BT�).

The effect of feeding BT peptides to young chickens on the
expression of TLR mRNA in the cecum on day 11 posthatch (7
days after removal of BT peptide-supplemented feed) is shown in
Fig. 3B. S. Enteritidis cecal colonization for 7 days in chickens on
the control diet (SE�/BT�) did not upregulate the expression of
TLR mRNA. BT-supplemented feed (SE�/BT�) had no direct ef-
fect on TLR mRNA expression in the cecum except for TLR21.
BT-supplemented diet induced a priming effect in the cecum for
at least a week after removal, as evidenced by the significant up-
regulation of all TLR mRNA (except TLR2a and TLR2b) during a
persistent infection with S. Enteritidis (SE�/BT�).

S. Enteritidis cecal colonization. The effect of BT peptide on S.
Enteritidis cecal colonization of chickens 1 and 7 days postchal-
lenge is shown in Fig. 4. The number of S. Enteritidis CFU/ml in
the cecal contents of chickens in BT-fed groups was significantly
less (P � 0.01) than in the control diet-fed group at both 1 and 7
days postchallenge. Similarly, the percentage of S. Enteritidis cecal
culture-positive chickens among the BT-fed birds was signifi-
cantly less than that among the control diet-fed chickens (10%

TABLE 1 Real-time quantitative RT-PCR probes and primers for proinflammatory cytokines, inflammatory chemokines, and type I and II
interferons

RNA target Sequence typeb Probe/primer sequencec Accession no.a

28S Probe 5=-(FAM)-AGGACCGCTACGGACCTCCACCA-(TAMRA)-3= X59733
F 5=-GGCGAAGCCAGAGGAAACT-3=
R 5=-GACGACCGATTGCACGTC-3=

IL-1� Probe 5=-(FAM)-CCACACTGCAGCTGGAGGAAGCC-(TAMRA)-3= AJ245728
F 5=-GCTCTACATGTCGTGTGTGATGAG-3=
R 5=-TGTCGATGTCCCGCATGA-3=

IL-6 Probe 5=-(FAM)-AGGAGAAATGCCTGACGAAGCTCTCCA-TAMRA)-3= AJ250838
F 5=-GCTCGCCGGCTTCGA-3=
R 5=-GGTAGGTCTGAAAGGCGAACAG-3=

IL-15 Probe 5=-(FAM)-CCACCCAATCCAGGAAATGTTAACCCA-(TAMRA)-3= NM_204571.1
F 5=-AGCTGAACTGCTGCCACATTT-3=
R 5=-TTTCCTCTGTTCTTCTTTGTCTGAATC-3=

IL-18 Probe 5=-(FAM)-CCGCGCCTTCAGCAGGGATG-(TAMRA)-3= AJ416937
F 5=-AGGTGAAATCTGGCAGTGGAAT-3=
R 5=-ACCTGGACGCTGAATGCAA-3=

IFN-	 Probe 5=-(FAM)-TGGCCAAGCTCCCGATGAACGA-(TAMRA)-3= YO7922
F 5=-GTGAAGAAGGTGAAAGATATATCATGGA-3=
R 5=-GCTTTGCGTGGATTCTCA-3=

IFN-
 Probe 5=-(FAM)-CTCAACCGGATCCACCGCTACACG-(TAMRA)-3= U07868
F 5=-GACAGCCAACGCCAAAGC-3=
R 5=-GTCGCTGCTGTCCAAGCATT-3=

CXCLi1 Probe 5=-(FAM)-CCACATTCTTGCAGTGAGGTCCGCT-(TAMRA)-3= AF277660
F 5=-CCAGTGCATAGAGACTCATTCCAAA-3=
R 5=-TGCCCATCTTTCAGAGTAGCTATGAACT-3=

CXCLi2 Probe 5=-(FAM)-CTTTACCAGCGCGTCCTACCTTGCGACA-(TAMRA)-3= AJ009800
F 5=-GCCCTCCTCCTGGTTTCAG-3=
R 5=-TGGCACCGCCAGCTCATT-3=

a For the genomic DNA sequence.
b F, forward; R, reverse.
c FAM, 5-carboxyfluorescein; TAMRA, N,N,N,N=-tetramethyl-6-carboxyrhodamine.
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versus 59%, respectively). All nonchallenged chicks were S. Enter-
itidis negative regardless of the diet administered (data not
shown).

DISCUSSION

Both viral and bacterial diseases remain a threat to the poultry
industry, and countermeasures to prevent and control them are
needed due to food safety issues and production losses. The design
of new immunological interventions or therapeutic antimicrobi-
als to reduce microbial pathogens in poultry is now, more than

ever, required. Based on the data provided herein and in previous
experiments (4, 8, 9), the use of BT peptides as a feed additive for
poultry may be an important component of an on-the-farm pro-
gram for the control of food safety pathogens, including Salmo-
nella.

We have targeted the innate immune responses for the devel-
opment of immunomodulatory and/or antimicrobial compounds
for prevention or treatment of bacterial infections in neonatal
poultry (2, 3, 13–17). Since the innate immune response is not
pathogen specific, the ability to stimulate the response in birds is a

FIG 1 Effect of feeding BT peptide-supplemented ration on the expression of proinflammatory cytokine mRNA (IL-1�, IL-6, IL-12�, IL-18, IL-15, IFN-
,
IFN-	) in the ceca from experimental chickens with or without infection with S. Enteritidis. One-day-old broiler chickens were randomly distributed into two
experimental groups. Each group contained 25 birds fed a balanced, unmedicated corn and soybean meal-based diet that contained either 0 (control) or 24 ppm
BT for 4 days. On the fourth day after hatch, all BT feed was removed and replaced with the control diet feed for the remainder of the experiment, and all chickens
were orally challenged with 5 � 106 CFU/ml S. Enteritidis. (A) Ceca collected 5 days posthatch (1 day after removal of BT peptide-supplemented diet); (B) ceca
collected 11 days posthatch (7 days after removal of BT peptide-supplemented diet). Data represent the means � standard errors of the means (SEM) from three
independent experiments. Data are presented as the fold change in mRNA expression relative to the noninfected, normal ration-fed control chickens (SE�/BT�).
Columns with asterisks are significantly different at either P values of �0.05 (*) or P values of �0.01 (**) from SE�/BT� chickens.
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promising approach of increasing resistance to a variety of patho-
gens. The one characteristic of the avian innate response that we
have exploited is the ability of the response to be modulated dur-
ing the first week after hatch (3, 15, 18, 19). We have shown that
the stimulated response results in an increased resistance to Sal-
monella infections with concomitant increases in heterophil func-
tional activity (2, 3, 13–17). Further, we found that this stimula-
tion was self-limiting, lasting 3 to 5 days after administration of
the immune modulator (4, 16). These results indicate that the
innate immune responses can be augmented and that natural
products can potentially be used as antimicrobial compounds.

Cationic antimicrobial peptides encompass a large group of
small peptides that are widely distributed in most forms of life,
from microbes to invertebrates to plants to humans (20–22).
Functionally, these peptides modulate the immune response
and/or direct antimicrobial activity (23–28). In mammals, most of
these cationic peptides have little direct antimicrobial activity but
do enhance the innate immune responses without the harmful
inflammatory responses (24, 26–29). The BT peptides used in the
present studies have similar characteristics to these “host defense
peptides” in contrast with the “antimicrobial peptides” that have
direct antibiotic-like activity on pathogens (25). In addition, pre-

FIG 2 Effect of feeding BT peptide-supplemented ration on the expression of inflammatory chemokine mRNA (CxCLi2, CXCLi1) in the ceca from experimental
chickens with or without infection with S. Enteritidis. One-day-old broiler chickens were randomly distributed into two experimental groups. Each group
contained 25 birds fed a balanced, unmedicated corn and soybean meal-based diet that contained either 0 (control) or 24 ppm BT for 4 days. On the fourth day
after hatch, all BT feed was removed and replaced with the control diet feed for the remainder of the experiment, and all chickens were orally challenged with 5 �
106 CFU/ml S. Enteritidis. (A) Ceca collected 5 days posthatch (1 day after removal of BT peptide-supplemented diet); (B) ceca collected 11 days posthatch (7 days
after removal of BT peptide-supplemented diet). Data represent the means � SEM from three independent experiments. Data are presented as the fold change
in mRNA expression relative to the noninfected, normal ration-fed control chickens (SE�/BT�). Columns with asterisks are significantly different at either P
values of �0.05 (*) or P values of �0.01 (**) from SE�/BT� chickens.
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liminary experiments have shown a growth-promoting effect (im-
proved weight gains and feed conversion) in broiler chickens fed
BT peptides continuously for a 42-day grow out (8). To date, we
have observed no obvious toxic effects normally associated with
an uncontrolled inflammatory response in chickens provided BT
peptides as a feed additive. Thus, because of its low MIC but strong
innate immune modulatory activities, we suggest that BT peptides
may be considered host defense peptides when provided as a feed
additive to chickens.

Activation of the innate immune response is initiated follow-
ing a series of rigorous, rapid, and precise discriminatory steps
that differentiate between “self” and “nonself” based on the rec-
ognition of broadly conserved molecular patterns by germ line-
encoded pattern recognition receptors (PRRs) (30), which in-

clude the families of Toll-like receptors (TLRs) and NOD-like
receptors (NLRs). PRRs are crucial regulators of intestinal innate
immunity and are thus essential to the control of host defense by
maintaining mucosal homeostasis. They play key roles in recog-
nition and sensing of nonpathogen danger signals, inhibition of
invasion of facultative/obligate pathogens and other threats, in-
duction of antimicrobial effector pathways, and control of adap-
tive immune responses, by acting through a series of interdepen-
dent signaling events (31, 32). Environmental factors, including
dietary components, may alter PRR function (30).

Our findings that increased expression of TLR mRNA follow-
ing S. Enteritidis infection of BT peptide-fed birds suggest that BT
peptides and S. Enteritidis pathogen-associated molecular pat-
terns (PAMPs) may interact at the level of TLR recognition and

FIG 3 Effect of feeding BT peptide-supplemented ration on the expression of TLR mRNA (TLR1a, TLR1b, TLR2a, TLR2b, TLR4, TLR5, TLR15, TLR21) in the
ceca from experimental chickens with or without infection with S. Enteritidis. One-day-old broiler chickens were randomly distributed into two experimental
groups. Each group contained 25 birds fed a balanced, unmedicated corn and soybean meal-based diet that contained either 0 (control) or 24 ppm BT for 4 days.
On the fourth day after hatch, all BT feed was removed and replaced with the control diet feed for the remainder of the experiment, and all chickens were orally
challenged with 5 � 106 CFU/ml S. Enteritidis. (A) Ceca collected 5 days posthatch (1 day after removal of BT peptide-supplemented diet); (B) ceca collected 11
days posthatch (7 days after removal of BT peptide-supplemented diet). Data represent the means � SEM from three independent experiments. Data are
presented as the fold change in mRNA expression relative to the noninfected, normal ration-fed control chickens (SE�/BT�). Columns with asterisks are
significantly different at either P values of �0.05 (*) or P values of �0.01 (**) from SE�/BT� chickens.
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signaling (33). The priming effect of the BT peptide-supple-
mented diet resembles “endogenous TLR ligands” that are recog-
nized as PAMP-sensitizing molecules (34). These PAMP-sensitiz-
ing molecules have been categorized as released intracellular
proteins, modified lipids, and other soluble mediators. Like the
BT peptides used here, these molecules may serve a beneficial
purpose by enhancing (priming) the sensitivity of host tissues to
potential microbial challenge. Alternatively, BT peptides may play
a specialized role in local intestinal innate responses. For example,
it is possible that the BT peptides may act as TLR accessory mole-
cules (35, 36). TLR accessory molecules, such as the human host
defense peptide LL-37, are used by TLR for microbial recognition,
signaling, and regulation of innate immune responses (36, 37).
LL-37 converts nonstimulatory self-DNA into a potent stimulator
of dendritic cells (37). Further experiments are in progress to fully
characterize this potential functional mechanism of the BT pep-
tides.

The present results demonstrate that BT peptides play a spe-
cialized regulatory role in the local intestinal innate responses.
Contact between the Salmonella enterica serovars Enteritidis or
Typhimurium and intestinal epithelium in 1- to 4-day-old chick-
ens resulted in the upregulated expression of proinflammatory
cytokines (IL-1� and IL-6) (38–43) and the inflammatory chemo-
kines CXCLi1 and CXCLi2 (38–45). Feeding the BT peptide-sup-
plemented feed primes the local mucosal to respond transcrip-
tionally in a qualitative manner to a stimulus. The differential
expression of CXCLi2 and CXCLi1 during acute response to S.
Enteritidis (1 day postinfection) illustrates the direct recruitment
of heterophils to the intestine early during a S. Enteritidis infec-
tion, thus increasing the intestinal mucosa’s ability to limit infec-
tion. Moreover, the increased expression of the chemokines,
CXCLi1 and CXCLi2, 7 days after a S. Enteritidis infection is in-
dicative of a functional switch of the intestinal mucosa from a
defensive nature to one that is more regulatory/homeostatic (46).
It is important to note that we have observed no pathological

effects in the intestine due to this increased expression of the in-
flammatory chemokines.

Multiple inflammatory mediators are involved in modulating
the cellular response to an infection. Inflammatory mediators that
function in this modulating role are known as priming agents.
Priming has been defined as the potentiation of the phagocyte
activation process by previous exposure to priming (47). Priming
has a direct effect on cell shape, integrin/selectin expression, and
longevity of the phagocyte and thus has a profound effect on the
chemotactic, adhesive, and survival properties of the host innate
cells (47, 48). Characteristically, the priming agent does not in-
duce a direct functional response (47). The priming activity of BT
peptides on the transcription of chicken intestinal proinflamma-
tory cytokines, inflammatory chemokines, type I/II IFNs, and
TLRs was verified in the present experiments. Although BT pep-
tide priming modulated the expression of multiple innate im-
mune response genes in the cecum during an infection with S.
Enteritidis, the BT peptide-supplemented diet, by itself, did not
directly induce gene expression of any of the immune response
genes. By definition, this represents true priming of the local cecal
innate immune response.

In summary, when challenged with Salmonella enterica serovar
Enteritidis, chickens fed a BT peptide-supplemented diet for the
first 4 days posthatch had a significant increase in mRNA tran-
scripts for TLR4, TLR15, TLR21, proinflammatory cytokines, and
inflammatory chemokines (CxCLi1, CxCLi2) 1 and 7 days p.i. The
BT peptide-supplemented diet alone did not directly induce an
increase in expression of any of the innate immune response in
chicken cecum. Practically speaking, the ability to orally deliver
the cationic peptides in the diet to chickens at a time of immuno-
logic inefficiency and increased susceptibility to bacterial infec-
tions (first week posthatch) is of utmost importance to the poultry
industry. Our findings describe a new strategy to induce a protec-
tive immune response with TLR/proinflammatory activity.

FIG 4 Effect of feeding BT peptide-supplemented ration on cecal colonization by S. Enteritidis. One-day-old broiler chickens were randomly distributed into
two experimental groups. Each group contained 25 birds fed a balanced, unmedicated corn and soybean meal-based diet that contained either 0 (control) or 24
ppm BT for 4 days. On the fourth day after hatch, all BT feed was removed and replaced with the control diet feed for the remainder of the experiment, and all
chickens were orally challenged with 5 � 106 CFU/ml S. Enteritidis. One or 7 days after challenge (5 or 10 days after hatch), all chickens were killed and cecal
contents were analyzed for S. Enteritidis colonization. Data represent means and standard deviations from three independent experiments. An asterisk indicates
differences among treatments are statistically significant (P � 0.05).
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